The process of turbulent mixing across an ideal model of a meandering Gulf Stream is studied considering particle motion in two dimensions. The turbulent motion is modeled using a "random flight" model that assumes that the evolution of the turbulent velocity along trajectories is a Markov process, with the velocity at one time step depending linearly on the velocity at the previous step. This turbulent field is superimposed on a meandering jet (similar to the one considered by Bower (1991)) propagating steadily eastward. In Bower's model the particles are constrained to move along streamlines in the translating frame; in our model the turbulent motion allows the particles to cross streamlines, resulting in an exchange between the different regions of the flow. The major exchange occurs between the "jet core" region and the "recirculating" regions moving with the meanders. Particles launched in the jet core tend to be lost from the jet in plumes at the extrema of the meanders and to be entrained in successive recirculation regions. When in the recirculation regions, particles tend to be trapped and homogenized. The exchange between the jet and the "far field" depends only on diffusion mechanisms and is small for the short integration time considered. An application of the kinematic techniques considers the distribution of biological species across the jet. The tendency for "patches" of organisms to develop in the recirculation regions is observed. In a two-species case, where the species have affinities for the environment on opposite sides of the jet, there is a linear change in species composition across the jet. Patches forming on either side of the jet consist of an admixture of the two species, with the population for the crest or trough environment dominating. 
INTRODUCTION
The Gulf Stream is a strong current jet dividing two different bodies of water, warm saline water of the Sargasso Sea and cool fresh Slope Water (Plate 1). An issue addressed by several authors in the literature [e.g., Bower et al., 1985] concerns the amount of mixing and diffusion that occurs across the Gulf Stream. This is a relevant question from both the physical and the biological points of view, since the Sargasso Sea and the Slope Water differ not only in physical characteristics such as temperature and salt but also in biological properties such as zooplankton and nekton biomass and speciation.
Several studies have shown the existence of a mechanism of mixing which relates the occurrence of meanders to cross-stream motion of fluid parcels [e.g., Owens, 1984; Bower and Rossby, 1989] . A simple kinematic model able to explain at least part of this mechanism and considering the motion of particles in a two-dimensional meandering jet steadily propagating eastward has been proposed by Bower [1991] . While the Bower model shows the mixing process qualitatively, it lacks some important elements to effectively describe diffusion of particles across the stream. One limitation is that the representation of the meandering jet given by Bower does not allow time evolution of the meander shape, which is likely to be an important factor in influencing particle behavior [Bower and Rossby, 1989 ]. An implementation of the model in this direction has been proposed by Satnelson [1992] , who considers the effects of hmnlmlic time-dependent fluctuations of the velocity field. Technically, the introduction of the time dependence can give rise to the phenomenon of "deterministic diffusion." Another diffusion. The random flight models, though, appear to be a more powerful method because they can be applied to highly inhomogeneous and nonstationary flows. Finally, the random flight models, being Lagrangian, provide an easy comparison with the float results and allow straightforward calculation of processes such as biological interactions along trajectories.
As an application of a Lagrangian frame computation, we consider the influence of the physical processes of mixing on the characteristics of marine life in systems such as the Gulf Stream. The basic premise is to consider the influence of dispersal in relationship to the cross-stream changes in the environment. The Gulf Stream is at first order a biogeographic boundary with different species occurring on either side [Grice and Hart, 1962; Wishher and Allison, 1986] . The northern side of the Stream is typically eutrophic, with high phytoplankton and zooplankton biomass and species representative of a transition between subpolar or polar and subtropical biogeographic provinces [Backus, 1986] . On the southern side of the Stream the system is oligotrophic, with a very low biomass made up of subtropical species. As discussed below, meandering and small-scale turbulent diffusion are major sources of patchiness in the biology of the Stream. In the following section the deterministic velocity field representing a meandering jet similar to that of Bower [1991] is introduced. The representation of the small-scale turbulence superimposed on the jet and its influence on particle 
where U and V are the x and y components, respectively, of the vector velocity U. The particle motion is strictly deterministic and depends on the initial conditions x(0), y(0). Since the stream function (1) is time dependent, the particles cross streamlines. A simple method of studying this motion without explicitly solving (2) consists in rewriting the stream function in a new coordinate system, (X, Y) = ( x -ct, y), moving with the phase speed c [Flierl, 1981] . In this translating frame the stream function is independent of time: 
Before discussing equations (4) in detail, let us make some general remarks. The turbulent velocity u is characteristic of the complex and incoherent motions that occur at scales much smaller than the scales of the jet and is described in statistical terms, in contrast to the deterministic large-scale velocity U. In this paper we focus on the simplest type of particle statistics, i.e., on the statistics that describe the motion of single, independent particles in the flow, as opposed to the more complex statistics relative to simultaneous motion of two or more particles [Davis, 1983; Csanady, 1980] . A complete description of the single-particle statistics for a stationary process is given by C(x, y, t, Xo, Y0, 0), the probability density function of a particle being found at position x, y at time t when the particle has been deployed at x0, Y0 at t = 0. Notice that as a function of x, y, and t, C can be interpreted as the concentration at time t of the particles that have been deployed at t = 0 in x0, y0 in different realizations of the turbulent flow or alternatively as the normalized mean concentration of a conservative passive tracer that has been instantaneously released at t = 0 from a point source x0, y 0. In fact C is the Green's function for the averaged transport equation [Monin and Yaglom, 1971 ].
Here equations (4) are solved numerically for a large number of particle trajectories starting from selected initial conditions in the jet. Each particle is simulated independently in a different realization of u. The statistics are then computed by averaging over the ensemble of particles with the same initial conditions, and the evolution of the concentration C is studied by considering the distribution of the particles in space and time.
The turbulent velocity u in (4) is described following the method of random flight, i.e., as a purely time-dependent process representing the turbulent velocity field as sampled by the particle during its motion. With respect to other representations of u that include the full space dependence (e.g., as a two-dimensional (x, y) stochastic Fourier series [Davis, 1991] ), the present method allows for a substantial economy in computing time and in information about the turbulent field while still retaining the necessary ingredients to describe single-particle turbulent diffusion. In the following, we briefly summarize the basic characteristics of the random flight models. For a more complete overview, see Pasquill and Smith [1983] .
Consider first the simplest case of a one-dimensional, homogeneous, and stationary turbulent field with no mean shear. In this case the turbulent velocity u(t) is simply described by the Langevin [Hanna, 1979] . Physically, (5) indicates that when a particle moves through the fluid, it loses a fraction of its momentum dt/T• to the surrounding fluid at each time step and in turn receives a random impulse /x. Notice that although the model (5) is not completely realistic, since it implies a discontinuous acceleration, it is physically much more acceptable than a Markovian model for the particle position x(t), which would imply a discontinuity on the velocity field. The time scales over which the velocity is correlated are in fact much longer than the time scales of the acceleration and are determined by the largest Taylor (5) is that the autocorrelation function has a fixed exponential form (6). This limitation is not severe, however, since the exponential form appears to be general for homogeneous flows, independent of their spectrum shapes [Davis, 1991] .
Equations to• and t/• describes the ClOtS SlCal
The archetype equations (5) can be generalized to include flows at higher dimensions, with mean shear and inhomogeneous and nonstationary turbulence. In this paper we apply the general formulation proposed by Thomson [1987] to the case of a two-dimensional homogeneous turbulent flow superimposed on the meandering jet U. The assumption of homogeneity is not very realistic, since the turbulent activity is likely to be different in various regions of the jet, but it provides a valid starting point for our process study. In theory, since the jet is highly inhomogeneous, for a complete description of the diffusion processes, the concentration C should be computed for all possible initial conditions. In practice, from the analysis of the deterministic velocity field given in section 2, we know that there are two different types of particle motion in the absence of turbulence, and we expect that a similar behavior will hold with turbulence. Initial conditions are therefore chosen in representative points of the recirculating and jet core regions discussed above. The validity of the choices of launch points were tested in EXP0, considering 10 points equally spaced along a section of the meander crest (Figure 1 a) other sections of the jet were studied but are not discussed here). In the discussion of the results of the experiments, we will refer mainly to two points, Table 2 for five of the experiments. We have not computed the P6clet numbers for EXPGM because the representative scales cannot be determined when the meanders are growing in time.
All the experiments have been performed simulating the motion of 2000 independent particles for each initial condition in order to satisfactorily resolve the evolution of C in space. The time step dt used to integrate (8) was chosen small enough that the trajectory of the particle was consistent but large enough to be computationally reasonable. In all the experiments except EXPGM, the numerical integration for each initial condition was carried out for approximately 80 days, corresponding to 2.5 Tm, the meander period. In EXPGM the simulation was run for only 20 days, corresponding to the doubling time for the meander amplitude.
EXPO
In experiment EXP0, the stream function (1) with the parameters given in section 2 is used to describe the jet. The turbulence is characterized by the parameters tr = 12.25 cm 2 s -2 and T L = 2.5 days, corresponding to K = 2.6 x 10 6 cm 2 s-• (Table 1) . The P6clet numbers (Table 2) are P e = 11 for the recirculating regions and P e = 6 for the jet core region, indicating that the balances in the two regions are quite similar and that diffusion is smaller than the advection.
Diffusion from point A in the recirculating region. The initial evolution of the concentration of the 2000 independent particles deployed at A is illustrated in Plate 2. Four snapshots of C(x, y) taken during the first 17 days at approximately 4-day intervals, are shown. Seventeen days is approximately the period Tp of a particle deployed at A in the absence of turbulence (hereafter indicated as the "deterministic particle"). The solid lines in Plate 2 represent the streamlines bounding the region of the jet where U > c, the open circles show the positions of the center of mass of the cloud of particles, and the asterisks show the positions of the deterministic particle, used as a reference to represent the purely advective motion. At 17 days only a reduced core of concentration has followed the deterministic particle as it completes its circuit. The remaining particles are left homogenizing in the meander bend. Figure 2 shows the percentage of particles between different values of ½ for the same times as Plate 2. The solid bars show particles approximately in the region U < c. The high percentage in this low-velocity region at day 17 is again very noticeable. The decrease in the tendency for the cloud to follow the deterministic particle can also be seen in Figure 3a , where the asterisks show the positions of the deterministic particle and the open circles show the trajectories of the centers of mass of the stochastic particles. As the deterministic particle moves across the streamlines inside the jet, for the first few days the center of mass follows it closely, but once the deterministic particle leaves the jet and slowly recirculates westward, the two trajectories diverge as the concentration starts to diffuse. After the first period the center of mass trajectory does not show any more oscillations but moves downstream with mean velocity c and maintains a constant y.
After 80 days, at the end of the integration, 65% of the particles are still in the initial recirculating region and have homogenized in it. The remaining particles have moved further downstream, often being trapped in other recirculating regions. Few particles, about 5%, at t = 80 days are lost to the far field, defined as the area in which the jet has no influence on the velocity of the particle (140 km to the north and to the south of the center of the jet averaged along one wavelength).
Diffusion from point B in the jet core region. Plate 3 shows the evolution of the concentration in x and y of the particles deployed at B for the same period (t = 17 days) as for Plate 2. The period of the deterministic particle with initial condition at B is Tp = 7 days, so that the deterministic particle goes through more than two cycles in this figure. It is clear from an inspection of Plate 3 that the diffusion patterns are dramatically different from those obtained for point A. Particles now tend to be advected downstream in the jet but are lost in plumes that detach from the trailing edges of crests and troughs, corresponding to the points at which the advective motion of the deterministic particle is closer to the edges of the jet. By t -8 days, 8% of the particles are lost at the trailing edge of the first trough, and 35% are lost at the trailing edge of the next crest. The larger amount lost at this crest can be explained by the particle's initial position, which induces a deterministic motion closer to the edge of the jet in the crests than in the troughs (Figure  1 b) . There is, then, a higher probability of particles being lost from the northern extrema of the jet when the particles are affected by turbulence. Notice that because of the symmetry of the jet, the opposite pattern (more particles lost in the southern extrema) would occur for an initial condition close to the edge of a trough. At later times (12.5 and 17 days) and further downstream, smaller and smaller plumes are lost at the extrema, as there are fewer and fewer particles remaining in the jet. [Taylor, 1953] . Typically, the downstream dispersion averaged over a cross-stream section turns out to be proportional to t •, with L • 1. The exponent L can be theoretically computed a priori in some special cases [Young, 1988; Young et al., 1989] . Although a theoretical analysis of this type for the dispersion of our system goes beyond the purpose of this paper, it is a very interesting topic and will be considered in future research.
To conclude, we mention the results from simple statistics that can easily be compared with observations. Using the results from the 10 initial conditions on the cross section in (Table 1) . Again, the qualitative diffusive patterns are the same as in EXP0,
Effects of Growing Meanders
In the EXPGM experiment the turbulent motion of particles is studied in the presence of time-dependent, growing meanders. Only the initial evolution of the meanders is considered, and the growth is modeled in an exponential fashion with a doubling time of 20 days (20 days is also the duration of the experiment). The jet model is modified with respect to (1) in order to minimize an increase in the velocity as a consequence of the growth term. This is done by incorporating a normalization factor [Bower, 1991] .55-1.0%
.30-.55%
.15-.30%
.10-.15%
maintains an approximately constant jet width. The jet width is slightly greater than in EXP0 (W = 80 km), but the turbulent parameters are the same (Table 1) .
The results of EXPGM can be summarized as follows.
Particles launched in the jet core region appear to be lost in increasing numbers in plumes, while the meander grows. The majority of the particles are caught in the recirculating regions and tend to remain trapped in them, but they are not homogenized as efficiently as in the previous experiments with fixed amplitude after 20 days. As the amplitude grows, more streamlines tend to close, but this increase occurs faster than the dispersion of particles across the streamlines, so particles remain in the apex of the recirculating region. In conclusion, the growth of the meanders seems to enhance the exchange between the jet core region and the recirculating regions, but the homogenization in the recirculating regions is slowed down. The differences between the steady and growing meander can be visualized by qualitatively comparing the motion of particles launched in the jet core in EXP0 (Figure 3b) with that of particles in EXPGM (Figure 5a ) and by considering Figure   5a shows that the deterministic motion alone in EXPGM increases the excursion of a particle launched at point B, but it does not expel the particle from the core region (this can be seen by comparing the particle position with the meander amplitude). The center of mass of the ensemble of particles with turbulence exhibits protracted oscillations in the growing-meander case. This is directly tied to the influence of meander amplitude change, i.e., the deterministic influence of the jet and its impact on the particles expelled from the jet core to the recirculation regions. The histograms in Figure 5b show that the meander growth changes the positions of modes and the occupation of the extreme stream functions. The central stream function intervals are depleted of particles faster, while the effect of the constant meander is to make the particle concentration uniform across the jet. EXPGM is the only experiment in which time-dependent meanders are considered. This time dependence can lead to a mechanism of deterministic dispersion [Satnelson, 1992] in addition to the stochastic dispersion. Sorting out the effects of the two mechanisms quantitatively is not easy, mainly because the experiment has not been run for enough time nor enough initial conditions to define the nature of the deterministic motion. Nevertheless, it seems reasonable to hypothesize that the observed increased exchange between core and recirculation regions is due to both mechanisms. Overall, our results agree with those of Satnelson [1992] , who also found increased mixing tied to low-frequency changes in meander amplitude. The tendency to isolate this effect to the exchange between the jet core and the recirculation region is also consistent with his results. As pointed out by a reviewer, the subtle differences between the current simulations and those of Satnelson [1992] are harder to quantify because of the differences in the deterministic fields used. More detailed analysis on dispersion mechanisms in the presence of a time-dependent field should be carded out using dynamical models, where the meander growth is 
APPLICATION TO CROSS-STREAM SPECIES DISTRIBUTIONS
In this section each of the particles in the simulations above is treated as a small component of the ecosystemß Each' particle contains a mixture of species that will undergo various environmental perturbations as they are advected and diffused along the jet. As above, the simulation is an ensemble of particles and does not allow particle-particle interaction. In keeping with the basic idea of considering the effects of diffusive perturbations on a deterministic field, the effect of the environment on each of two species is assumed With respect to the model of Bower [1991] , the introduction of turbulence allows the particles to cross streamlines in the translating frame, resulting in the homogenization inside closed recirculation regions and in the large exchange between the core and the recirculation regions described above. The mechanism of exchange between regions studied here is different from the one considered by Satnelson [1992] . In Samelson's model there is no turbulent field, but the large-scale flow is allowed to change in time. The time dependence induces breakings in the boundaries between regions and this in turn allows particle exchange. Notice that the particles considered by Samelson are strictly deterministic and that the flux between regions is computed for a specific representation of the flow. The flux that we consider, instead, is averaged over representations and therefore describes only the behavior of the mean particle concentration. Since each particle is considered independently, we do not need to specify the spatial structure of the turbulent field. The frequency spectrum is chosen to be appropriate for small-scale Lagrangian turbulence, approximately white for frequency to lower than the frequency corresponding to the Lagrangian time scale T•, and decreasing as to-2 for higher frequency. Samelson, on the other hand, considers large-scale fluctuations harmonic in time. Despite these differences, it is interesting to compare our results with those of Samelson. A large exchange between the core and the recirculation regions, especially in relation to the fluctuations of the meander amplitude, is also found by Samelson. A combination of the two mechanisms, turbulent mixing and time dependence, is expected to take place in realistic flows (a simple example is studied here in relation to meander growth). Samelson also finds a noticeable exchange between the recirculation regions and the far field, something we do not find. As noted above, the small exchange in cerned with the difference between passive and active tracers, the conclusion is that the simulation does indeed provide a realistic depiction of the meandering stream.
